Abstract
Introduction
Animation of 3D models with highly detailed surfaces is a common requirement of computer generated imagery for film and broadcast production. Character models are often sculpted from clay to achieve the desired shape and fine surface detail. Laser-scanning devices are used to digitise the surface. Advances in scanning technology together with development of surface reconstruction algorithms [2, 31 have enabled automatic capture of complex 3D models with highly detailed surfaces. Currently, animation of captured models requires a skilled animator several weeks to manually restructure the model geometry and topology. In this paper we introduce a layered animation framework which address the following issues:
1. Rapid reconstruction from captured data.
2. Efficient representation of surface detail.
3.
Model generation at multiple levels-of-detail. A new approach is introduced for automatically mapping between a captured high-resolution mesh model and a lowresolution control model. This mapping is used to generate a displacement map image representation of the highresolution surface detail based on 2D texture coordinates for the low-resolution model. The displacement map represents the distance between the low and high resolution model surfaces as a scalar image. The low-resolution control model represents the object shape and topology and can be manipulated efficiently using an underlying skeleton. The resulting layered model provides an efficient representation. Real-time seamless deformable animation of the control model enables efficient seamless animation of the high-resolution surface detail.
Perhaps the most closely related work to our approach is the work of Krishnamurphy and Levoy [5] where the boundaries of a low-resolution B-spline patch model are manually identified on a high-resolution captured model. Automatic fitting and mapping is then performed to obtain a B-spline representation of smooth surface regions and displacement map images to represent fine surface detail. The displacement maps provides an efficient representation of complex surfaces without loss of fine detail. However, they do not animate the resulting displacement map models. In this paper we present a general approach to obtaining a displacement map representation based on an lowresolution control model. We use subdivision of the control model together with resampling of the displacement map image to generate models at multiple levels-of-detail. The combination of displacement maps with mesh subdivision provides a mechanism for representing highly complex surfaces. The resulting layered model enables animation of the displacement map to obtain realistic and efficient animation of detailed surfaces.
In this paper we propose a layered animation framework using displacement maps to efficiently represent and animate high-resolution surface detail. The model consists of three layers: skeleton, control model and displacement map. Skeleton structures are widely used as the basis for manipulating animated models either interactively or from motioncapture data. The control model is a low-resolution polygon mesh, M L , representing a coarse approximation of the character shape and topology. A control model can be derived either by simplification of a high-resolution model or from a library of generic object models which have been structured for efficient animation. The control model is animated based on the underlying skeleton structure and enables realtime visualisation. As in previous work [6] the vertices of the low-resolution model are mapped to the skeleton structure. Real-time seamless animation is achieved using a geometric transform [ l, 41.
In this work we introduce the use of a displacement map representation for animation of the high-resolution surface detail. The displacement map is an image-based representation analogous to a texture map which encodes the distance along the surface normal between the low-resolution control model and a high-resolution polygonal mesh model, M H . The high-resolution model is automatically reconstructed from surface measurements captured using a range-sensor system [3] . An automatic mapping technique is introduced to establish a continuous mapping between the highresolution captured surface model and the low-resolution control model. This mapping is used to generate an efficient displacement map image representation of the highresolution surface detail.
Animation is achieved by manipulation of the skeleton based on either keyframe or motion capture data. Movement of the skeleton is used to seamlessly deform the lowresolution control model. Recursive subdivision of the animated low-resolution control model is used to efficiently reconstruct models at multiple levels-of-detail. This layered animation framework, combining displacement maps with mesh subdivision, enables efficient seamless animation of the high resolution surface detail.
Normal volume mapping
In previous work [6] we introduced the normal-volume mapping to automatically parameterise an arbitrary highresolution mesh model, M H , with respect to a lowresolution control model, M L . It was shown that this parameterisation could be used to seamlessly animate the high-resolution model based on deformation of the underlying control model. In this section we summarise the key details of the normal-volume mapping which are used for displacement map generation.
For each triangle t , in an arbitrary mesh 111 we define a normal-volume, V (t,), by displacing the triangle vertices, G j , along the vertex normals, n ' j , as illustrated in Figure  l(a) . The union of the normal-volumes for all triangles in mesh M enclose a continuous volumetric envelope which can be used to define a continuous mapping between points in 3-space and the mesh surface.
To obtain a continuous mapping we project points in 3-space along the corresponding interpolated triangle normal.
A point J7j on the surface of triangle t j = (G,, Gs, v't) and its unit normal n'j can be defined by bi-linear interpolation using barycentric coordinates as:
where for a point inside the triangle the barycentric coordi- 
Displacement map generation
In this section we introduce a process for computing a displacement map representation of the high-resolution surface model. The displacement map is an efficient image based representation of the high-resolution surface detail. An approximation of the high-resolution model can be rapidly reconstructed from the displacement map image together with the low-resolution control model. Animation of the low-resolution control model can be used to achieve efficient animation of the high-resolution surface detail. Figure 2 illustrates the process of displacement map generation for a single triangle in the low-resolution control model, M L . Initially a mapping is established between the high-resolution mesh, M H , and the control model, M L , in 3D space using the triangle normal-volume as shown in Figure 2(a) . The high-resolution model is then mapped to a 2D image plane using a set of texture coordinates for each triangle in the low-resolution model, Figure 2(b) . The distance between the high and low resolution model surfaces along the interpolated surface normal is then sampled on a regular grid to obtain the displacement map image, Figure 2 
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for vertex 5y in the high-resolution model onto triangle t;
in the low-resolution model the mapping to texture coordinates is:
This enables us to map any triangle t," = (5:, C y , 5:) in the high-resolution model into a triangle the tFT = (U'FIU'rlU'F) in the texture image plane, T . Thus any point on the high-resolution model surface . ' can be mapped to a point in the texture image plane U'(.'). It should be noted that this mapping is not injective, multiple points on the high-resolution model may map to the same point on the low-resolution model due to overfolding of the surface. This many-to-one projection is a known limitation of displacement maps. In practice this problem can be avoided by either adding additional triangles to the low-resolution model to ensure a one-to-one mapping for the entire surface or by approximating the surface geometry.
Given the mapping of the high resolution model, M H , to the texture plane, T , we can obtain a sample of the highresolution model surface, .'(U'), for any point U' in the texture plane which is inside the region to which the high-resolution model maps. For a point U' we can find the triangle tZT = (U'F,U'y,U'F) from the high-resolution model which it is inside such that: (4) where y 1 v, (1 -y -v) E [0,1] are barycentric coordinates.
From the normal-volume mapping we know the distance d?
of each vertex 5F along the interpolated low-resolution triangle normal. The distance for any point inside the triangle is:
Results

Figure 3. Subdivision regeneration of mesh with variable level-of-detail
The mapping defined above enables the distance between the low and high resolution models to be sampled at any point in the image plane. This mapping is used to generate a displacement map image D where the distance is sampled for a set of discrete points C ( n , m ) in the image plane. A displacement map image generated from a head model mapped onto a cube is shown in Figure 4 (d).
Multiple Level-of-Detail Reconstruction
In this section we present a subdivision scheme for the low-resolution model which enables us to efficiently reconstruct high-resolution models at multiple levels-of-detail (LOD). An approximation of the high-resolution model can Given a low-resolution triangular mesh model we use uniform quarternery subdivision to generate a mesh to any specified level of detail. A recursive subdivision scheme is used to subdivide each triangle in the mesh into four subtriangles. New vertices are placed at the midpoints of the triangle edges. An arbitrary triangle t , in the given mesh is split into four triangles after one level subdivision. Carrying on the process each of the four new triangles is further subdivided into four new triangles.
Layered displacement map models have been generated from high-resolution data of a human head and monster head as shown in Figures 4 and 5 . The top-line of each figure shows the original high-resolution model, the lowresolution model and the normal volume mapping. Generation of models at multiple levels-of-detail is shown in Figure 4(e) and 5(d) . Animation of the reconstructed models based on deformation of the low-resolution control model is shown in Figure 4 (f) and 5(e). Results show that deformation of the control model enables efficient deformable animation of the high-resolution surface detail.
Conclusions
In this paper we have introduced a layered animation framework which uses a displacement map image to represent the high-resolution surface detail. Automatic generation of a displacement map image is achieved by mapping the high-resolution surface detail onto a low-resolution control model using the normal-volume mapping. The principal contributions of this approach are: Automatic displacement map generation for a low-resolution model; Seamless deformable animation of displacement maps; Efficient representation of highly detailed surfaces; Rapid generation of surface models at multiple levels-of-detail; Efficient animation of high-resolution surface based on a low-resolution control model. 
